 35-43 (1994) 
Introduction Dietary Boron and Body Growth
Much of the current interest in boron animal nutrition began in 1981 with the finding that physiologic amounts of boron (3 mg/kg diet), when added to diets low in boron content (<0.3 mg/kg diet), stimulated growth in vitamin D3-deficient (125 IU/kg) chicks. Boron supplementation did not markedly affect growth in chicks that received ample vitamin D3 nutriture of 2500 IU/kg (Table 1) (1) . Vitamin D3 must be converted to metabolically active forms before it can function. The first obligatory enzymatic conversion to 25-hydroxyvitamin D3 occurs in the liver. In the kidney, a major site of 25-hydroxyvitamin D3 metabolism, an enzymatic reaction converts some of the circulating 25-hydroxyvitamin D3 to 1,25-dihydroxyvitamin D3 . 1,25-Dihydroxyvitamin D3, the hormonal form of the vitamin, is degraded to calcitroic acid, which is thought to represent a major inactivation route of the hormone (2) . The findings from the boron feeding study suggested that boron affected some aspect of vitamin D3 metabolism or was synergistic with vitamin D3 to influence growth.
In a subsequent series of experiments, the dietary concentrations of calcium or magnesium were manipulated to examine the interaction between dietary boron and vitamin D3. Magnesium days. cUnits were pmoles of p-nitrophenyl phosphate split/min/ml of plasma.
Environmental Health Perspectives (16) .
Guideposts to the Roles of Boron in Animal Species
It is well established that vascular plants, diatoms, and some species of marine algal flagellates have acquired an absolute requirement for boron (12, 17) . Even (25) , and the latter promotes reassociation (26) . Boron also may regulate the enzyme, as there is evidence from in vitro experiments that borate binds to a specific site(s) on the enzyme that triggers structural changes and dissociation of the tetramer (27) . In addition to forming a transition-state-analogue with the enzyme, boron also interacts with the NAD cofactor associated with GPD (28) . Competitive inhibition with respect to NAD+ is also observed for another NAD-requiring enzyme of the glycolytic pathway, lactate dehydrogenase.
The pentose-phosphate pathway in mammalian liver generates a major part of the NADPH required for, among other things, fatty acid synthesis (29) . In leukocytes, the same pathway generates the NADPH required for respiratory burst, the process by which the cell produces oxidants for attack on malignant cells, invading organisms too large to be ingested, and certain soluble mediators. The NADPH requirement is met by the oxidation of glucose-6-phosphate in the pentose-phosphate pathway. In plants, one substrate of the pentose-phosphate pathway, 6-phosphogluconate, is known to complex with boron, which thereby inhibits 6-phosphogluconate dehydrogenase. Thus, in borondeficient plants, there is an increase in the amount of substrate metabolized via the pentose-phosphate pathway, and a decrease in that metabolized via the Krebs cycle (30) .
The in vitro evidence for the inhibitory, and possibly regulatory, effects of boron on certain enzymes in energy substrate metabolism pathways, coupled with the finding that boron exerts an apparently beneficial effect on body growth, prompted further investigation of the possible role of boron in energy metabolism, especially during concomitant vitamin D3 deficiency. The wellknown relationship between vitamin D3 and mineral /bone metabolism prompted investigation of the role of boron in bone morphology and metabolism as well. Thus, the effects of boron on various aspects of energy and mineral metabolism were examined simultaneously throughout the course of several experiments conducted in the author's laboratory. To (32) . This effect of vitamin D3 on glycolysis may have been mediated through calcium because calcium is one of the main inhibitors of phosphofructokinase (33) , a rate-limiting enzyme in the glycolytic pathway. In rats, cellular glycolysis was doubled in rachitic cartilage compared to normal cartilage. There also was a corresponding increase in the activity of phosphofructokinase, aldolase, pyruvate kinase, and lactate dehydrogenase (34) . In vitro consumption of glucose in rachitic chick bone was reduced markedly by the addition of vitamin D to the culture media (35) . Patients with chronic renal failure, compared to age-and sex-matched controls, exhibited impaired glucose tolerance and hyperlipoproteinemia prior to therapy. Treatment with a synthetic analogue to active vitamin D reduced fasting blood-glucose concentrations and serum triglycerides, and improved glucose tolerance (36) .
There is further evidence that vitamin D3 is important in energy substrate utilization. Findings from several studies with animals and humans indicate that vitamin D3 is essential for insulin secretion (37) (38) (39) (40) Table 8) . Findings from a preliminary study (45) (Table 9 ) with vitamin D3-deficient chicks only indicated that the percent of decrease in plasma glucose concentration varied according to the amount of boron supplementation. Compared to a basal dietary boron concentration of 0.20 mg/kg, boron concentrations of 0.25, 0.33, 0.48, 1.23, 2.10, and 3.97 decreased glucose concentrations by 9, 30, 34, 29, 33, and 21%, respectively. Second-order regression analysis of the glucose values vs boron intake described a parabola whose critical value (slope equals 0) occurred around the point where the milligram of boron per kilogram of diet equaled 1.00. In vitamin D3-deprived rats, there was a trend for boron supplementation to decrease plasma glucose concentrations (149 vs 134 mg/dl) (46) . Finally, a study with humans who were fed a low-magnesium diet showed that a daily dietary intake of 3.23 mg boron for 49 days, compared to a daily intake of 0.23 mg for 63 days, decreased serum glucose concentrations (in the normal range) approximately 6% (88 vs 94 mg/dl; p<0.007) in postmenopausal women (47) . In the same study, male volunteers exhibited no response to supplemental dietary boron.
Other findings suggest that boron modulates hepatic glycolysis, particularly when vitamin D3 intake is inadequate. Dietary boron (2.25 vs 0.16 mg/kg) lowered concentrations of the glycolytic metabolites fructose-1,6-diphosphate-P2, glycerate-2P, and (OH)2 -acetone P in freeze-clamped chick liver (Table 10 ) (48) . Furthermore, the vitamin D3-deprived rat that is fed supplemental boron (2.0 mg/kg) exhibits reduced plasma pyruvate concentrations (46) . In summary, the evidence to date suggests that boron acts as a regulator of energy substrate utilization by quenching the activity of some enzymes and / or stabilizing reactive compounds. resting and hypertrophic zones (49) . Mineralization of chick growth cartilage begins in the perivascular region of the marrow sprouts, a region of hypertrophic cartilage that has a higher level of oxidative metabolism than chondrocytes greater than 150 iim from the vascular channels (50) .
Also, redox studies of chick epiphyseal growth cartilage show that the NAD /NADH ratio is much higher in proliferative than hypertrophic cartilage (51).
Viltamin D3 and Bone Metabolism
The rachitic chick, compared to the vitamin D3-adequate chick, exhibits decreased creatine kinase activity in the hypertrophic cartilage of the growth plate (49) . In both the proliferative and hypertrophic zones, the induction of rickets causes a large decrease in the actual concentration of NAD and NADH, as well as a perturbation in the ratio between the two. Administration of vitamin D to the rachitic birds induces a rapid increase in NAD and NADH in all zones of the growth cartilage (51) .
The findings that initiation of cartilage calcification is energy dependent, and that vitamin D3 regulates the energy charge of the chondrocyte, support the thesis that the influence of vitamin D3 on cartilage and bone mineralization is mediated through its role as a regulator of energy substrate utilization. There are two important corollaries to the vitamin D3-energy thesis. First, calcification is an energy intensive process. Second, factors that modulate energy metabolism also affect bone and mineral metabolism.
Boron and Growth Cartilage Metabolism
There is evidence that dietary boron modulates growth-cartilage metabolism. In the vitamin D3-deficient chick, an interaction between dietary boron and magnesium affected the histology of the tibial epiphysial growth plate ( 
Boron and Mineral Metabolism
Dietary boron also affects mineral metabolism in blood and tissues. In the vitamin D3-deficient chick, an interaction between dietary boron and magnesium affected calcium and magnesium concentrations in plasma but not in femora (Table 11 ) (44) . Thus, in the vitamin D3-deficient chick, also stressed with magnesium inadequacy, boron supplementation elevated plasma calcium and magnesium concentrations. When the chicks were supplied with adequate dietary magnesium, supplemental boron had the opposite effect on those plasma mineral concentrations.
Heart mineral metabolism is also responsive to physiologic amounts of dietary boron (Table 12 ) (52) . In the vitamin D3 -deprived rat, supplemental boron depressed cardiac calcium but elevated cardiac phosphorus concentrations. Supplemental boron also elevated cardiac manganese and molybdenum concentrations in vitamin D3 -deprived rats, but depressed those concentrations in littermates stressed with an injection of streptozotocin. The streptozotocin injection induced an acute phase of experimental diabetes characterized by decreased intestinal absorption of calcium (31) and low concentrations of plasma 1,25-(OH) 2 vitamin D3 (54). Dietary boron probably had an indirect effect on cardiac mineral metabolism because supplemental boron did not affect cardiac boron concentrations (not shown).
Boron bone content correlated with potassium and zinc concentrations in iliac cortical bone samples, obtained from men and women (62 ± 11 years) who suffered from severe, untreated osteoporosis, with at least one collapsed vertebra (55) . The investigators reported a negative boron-potassium correlation and a positive boron-zinc correlation. Analysis of bone from age-matched normal controls showed no correlation between either element and boron. Except for a positive correlation between magnesium and boron in the normal subjects, there were no other correlations between any two elements, although several bone minerals were analyzed (aluminum, calcium, copper, fluorine, iron, potassium, magnesium, phosphorus, lead, silicon, strontium, and zinc). Finally, in vitamin D-deficient rats, supplemental dietary boron improved the apparent absorption and retention of calcium and phosphorus, and increased femur magnesium concentrations (55 
